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1. Introduction  

Quantum coherence and interference effects (Scully & Zubairy, 1997) in atomic systems 
have attracted great attention in the last two decades. With quantum coherence, the 
absorption and dispersion properties of an optical medium can be extremely modified, and 
can lead to many important effects such as coherent population trapping (CPT) (Arimondo 
& Orriols, 1976; Alzetta et al., 1976; Gray et al., 1978), lasing without inversion (LWI) (Harris, 
1989; Scully et al., 1989; Padmabandu et al., 1996), electromagnetically induced transparency 
(EIT) (Boller et al., 1991; Harris, 1997; Ham et al., 1997; Phillips et al., 2003; Fleischhauer et 
al., 2005; Marangos, 1998), high refractive index without absorption (Scully, 1991; Scully & 
Zhu, 1992; Harris et al., 1990), giant Kerr effect (Schmidt & Imamoglu, 1996), slow and fast 
light (Boyd & Gauthier, 2002), light storage (Phillips et al., 2001), and other effects. In 
particular, EIT plays an important role in the quantum optics area. 
EIT, named by Harris and his co-workers, has been extensively studied both experimentally 
and theoretically since it was proposed in 1990 (Harris et al., 1990). Harris et al. first 
experimentally demonstrated EIT in Sr atomic vapour in 1991 (Boller et al., 1991), providing 
the basis for further EIT works. Subsequently, M. Xiao and co-workers successfully 
observed the EIT effect in Rb vapor by using continuous wave (CW) diode lasers (Xiao et al., 
1995; Li & Xiao, 1995). This work simplified EIT research, and attracted related research. 
With the growth of EIT technique, the researchers also realized EIT in several solid state 
materials and semiconductors (Serapoglia et al., 2000; Zhao et al., 1997; Ham et al., 1997). 
These works provide a firm foundation for EIT-based applications. 
One of EIT applications is slow light. Due to the steep dispersion property within the EIT 
transparency window, EIT can be used to control the group velocity of light. In the past 
decade, ultraslow group velocity based on EIT (Harris et al., 1992) has drawn much attention 
to quantum optical applications, such as quantum memories (Liu et al., 2001; Turukhin et al., 
2002; Julsgaard et al., 2004), quantum entanglement generations (Lukin & Hemmer, 2000; 
Petrosyan & Kurizki, 2002; Paternostro et al., 2003), quantum routing (Ham, 2008), and 
quantum information processing (Nielsen & Chuang, 2000). So far EIT-based slow light has 
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been observed in many media. In 1995, S. E. Harris and co-workers observed group velocity as 
slow as c /165 in Pb vapour (Kasapi et al., 1995). In 1999, Hau et al. obtained the famous 
ultraslow group velocity 17 m/s in Bose-Einstein condensate of Na (Hau et al., 1999). In the 
same year, Scully et al. reported the group velocity of 90 m/s in hot rubidium gas (360 K) 
(Kash et al., 1999). In 2002, the light speed of 45 m/s was demonstrated in an optically dense 
crystal of Pr doped Y2SiO5 by B. S. Ham et al. (Turukhin et al., 2002). 
Based on deeply investigated EIT and slow light in simple three-level system, recently, 
researchers have turned their interests to multi-level system, which may render more 
interesting phenomena and closer to the realistic situations. In this chapter, we will study 
EIT and EIT-based slow light in a Doppler-broadened six-level atomic system of the 
rubidium D2 line. This research work may offer a clearer understanding of the slow light 
phenomenon in the complicated multi-level system, and also present a system whose 
hyperfine states are closely spaced within the Doppler broadening for potential applications 
of optical and quantum information processing, such as multichannel all-optical buffer 
memories and slow-light-based enhanced cross-phase modulation (Petrosyan & Kurizki, 
2002; Paternostro et al., 2003). 
This chapter is organized as following: In section 2, we brief review EIT in a three-level system 
and discuss EIT in a Doppler-broadened multi-level atomic system of the rubidium D2 line. In 
section 3, based on the results we obtained in section 2, we study EIT-based slow light in the 
same atomic system. In section 4, we introduce an N-type system, and numerically simulate 
slow light phenomenon in such kind of system. Finally, section 5 offers conclusions. 

2. EIT in the Doppler-broadened multi-level atomic system of 
87

Rb D2 line 

2.1 Brief review of EIT in a three-level system  

EIT is one of the most important quantum coherent effects, and also serves as the foundation 
of this chapter. We will first review the optical properties of EIT in a three-level system. Fig. 1 
shows the most famous three types of EIT scheme: lambda, ladder, and vee. Among these 
three EIT types, the lambda type is the best candidate to obtain EIT and EIT-related effects. For 
this reason, we will illustrate the EIT phenomenon by using the lambda configuration. 
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Fig. 1. Schematic of EIT in (a) lambda, (b) ladder, and (c) vee-type schemes. 

In the absence of the coupling field Ωc, absorption of the probe field is described by the blue 

curve in Fig. 2(a). When the probe frequency is resonant with the transition |1> − |3>, the 

probe field is strong absorbed by the medium. When we add a coupling field to the system, 
the strong absorbed peak of the probe disappears at the resonant frequency due to this 
coupling field (red curve in Fig. 2(a)). This means that the coupling field can modify the 
absorption property of the medium, and make the optically medium transparent. The 
transparent position depends on the detuning of the coupling field, and the transparent 
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degree is determined by the Rabi frequency of the coupling field. The physics underlying 
the EIT can be clearly explained by the dressed state theory (Scully & Zubairy, 1997): almost 
zero absorption at the resonant frequency is due to the destructive interference between two 
channels. Except for making the opaque media transparent, the steep dispersion 
characteristic at the resonant region (see red curve in Fig. 2(b)) is another important feature 
of EIT. This steep dispersion characteristic allows for control of the group velocity of the 
light, and opens up a series of promising applications. 
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Fig. 2. (a) Absorption and (b) dispersion of probe field as a function of probe detuning for a 
three-level lambda system. 

2.2 EIT in the multi-level atomic system of 
87

Rb D2 line 

Based on the theory of EIT in a three-level system, now we can study the EIT phenomenon 
in a multi-level atomic system. 

2.2.1 Model and theory 

An energy level diagram of the 87Rb D2 line is shown in Fig. 3. It shows a six-level atomic 
system, where F=1 (|1>) and F=2 (|2>) of 5S1/2 form two ground levels and F’=0, 1, 2, 3 
(|3>, |4>, |5>, |6>) of 5P3/2 form excited levels. The coupling field with frequency ωc and 
amplitude Ec couples the levels |4> and |2>, while the probe field with frequency pω and 
amplitude pE couples the levels |4> and |1>. The frequency detuning of the coupling and 
probe is given by 

42ωω −=∆ cc
 and 

41ωω −=∆ pp
, respectively. Thus, a typical Λ -type EIT 

scheme can be satisfied. 
In the framework of semiclassical theory, the Hamiltonian for this scheme is given by 
H=H0+H1, where H0 and H1 represent the unperturbed and interaction parts of the 
Hamiltonian, respectively. The interaction Hamiltonian H1 can be written as: 
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   (1) 

where 1 1 /pi i pEµΩ =   is the Rabi frequency of the probe field for the transition |i> − |1> (i 

=3,4,5), and 2 2 /Cj j CEµΩ =  is the Rabi frequency of the coupling field for the transition |j> 

− |2> (j =4,5,6). For the 87Rb D2 line, the transitions 5S1/2, F=2→5P3/2, F’=0 and 5S1/2, 

F=1→5P3/2, F’=3 are forbidden. 
Under the rotating-wave approximation, the density matrix equation of motion for the 
interaction Hamiltonian is described by: 
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         (2) 

The susceptibility ( ) ' ''p iχ χ χ∆ = +  can be obtained by solving this density matrix equation 
numerically under the steady state condition, where 'χ  and ''χ  represent dispersion and 
absorption, respectively. Under the Doppler broadening which resulted from the random 
motions of atoms, the total susceptibility for all excited levels becomes: 
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where N is the atom density, MRTmkTvp /2/2 ==  is the most probable atom velocity, k 

is the Boltzmann constant, R is the gas constant, and T is the temperature of the atomic system. 

In Eq. (3), P∆  and C∆  are substituted by 41 /P v cω∆ −  and 42 /C v cω∆ − , respectively.  
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Fig. 3. Schematic diagram of a six-level 87Rb (D2 line) atomic system for EIT. 

2.2.2 Numerical simulations and discussion 
We consider the following cases: 
Case I: The coupling laser is resonant with the transition 5S1/2, F=2→5P3/2, F’=1 (|2> − |4>);  
Case II: The coupling laser is resonant with the center line between the level 5P3/2, F’=1 and 
5P3/2, F’=2 from level 5S1/2, F=2; 
Case III: The coupling laser is resonant with the transition 5S1/2, F=2→5P3/2, F’=2 (|2> − |5>); 
Case IV: The coupling laser is resonant with the center line between the level 5P3/2, F’=1 and 
5P3/2, F’=3 from level 5S1/2, F=2; 
Case V: The coupling laser is resonant with the center line between the level 5P3/2, F’=2 and 
5P3/2, F’=3 from level 5S1/2, F=2; 
Case VI: The coupling laser is resonant with the transition 5S1/2, F=2→5P3/2, F’=3 (|2> − |6>). 
Based on the density matrix equations obtained in the previous subsection, we can 
numerically calculate the Doppler-broadened absorption (Fig. 4(a)) and dispersion (Fig. 
4(b)) of the probe for a particular transition with different Rabi frequencies of the coupling 
field, where the coupling (probe) is tuned to the transition |4> − |2> (|4> − |1>) in case I. 
The parameters used in Fig. 4 are T=50oC, 21Γ = 0.3 MHz, 31Γ = 6 MHz, 41Γ = 5 MHz, 

51Γ = 3 MHz, 42Γ = 1 MHz, 52Γ = 3 MHz, 62Γ = 6 MHz, 42 1 / 20C CΩ = Ω , 52 1 / 2C CΩ = Ω , 

62 7 /10C CΩ = Ω , 34∆ = 72 MHz, 45∆ = 157 MHz, 56∆ = 267 MHz, and c∆ = 0 MHz. 
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Unlike the Doppler-free case in an ideal three-level system, where EIT line center locates at 

two-photon resonance frequency, EIT detuning exists in the multilevel system of Fig. 3, even 

with a small coupling Rabi frequency much less than the separation between the nearest 

neighboring state |3> (see the inset of Fig. 4(a)). When the Rabi frequency of the coupling 

increases, the EIT linewidth becomes wider. In particular, the EIT position is variable for 

different Rabi frequencies, whereas in a three-level system, it is not. As the Rabi frequency 

of the coupling field increases, the EIT position becomes more red-shifted, due to the extra 

interactions with the neighboring excited levels and the different dipole moment between 

different transitions. 
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Fig. 4. The absorption (a) and dispersion spectra (b) for a six-level Doppler-broadened 
system (Case I). 

In exploring this phenomenon further, we neglect the level |6> in the structure shown in 

Fig. 3 and assume that the transition |3> − |2> is allowed for the coupling field. 

Furthermore, we assume the neighboring levels are symmetrically distributed (△34=△45=72 

MHz). By setting the same decay rates and the same dipole moments for all transitions 

( 32 42 52C C CΩ = Ω = Ω = 40 MHz), the system becomes symmetrical. There is no EIT detuning 

in this system, as shown in Fig. 5(a). In the 87Rb D2 line, the level 5P3/2, F’=0 is much nearer 

the level 5P3/2, F’=1 than the level 5P3/2, F’=2 (△34=72 MHz, △45=157 MHz). Under this 

condition, and keeping all the decay rates and dipole moments the same, we find that the 

EIT position becomes red shifted (Fig. 5(b)). However, if we assume unbalanced dipole 

moments ( 52 32 422 2µ µ µ= = , 32 42 52 / 2C C CΩ = Ω = Ω = 40 MHz) for the neighboring levels 

symmetrically distributed ( 34 45∆ = ∆ = 72 MHz), we also find that the EIT position is red 

shifted as shown in Fig. 5(c). If we use another unbalanced dipole moments condition 

( 32 52 422 2µ µ µ= = ), then the EIT position becomes blue shifted as shown in Fig. 5(d). 

By using the parameters in the 87Rb D2 line, for Cases I through VI (I: △c=0 MHz;  

II: △c =157/2 MHz; III: △c=157 MHz; IV: △c=157+267/2 MHz; V: △c= (157+267)/2 MHz; 

VI: △c =157+267 MHz), we calculate the Doppler broadened absorption of the probe field as 

a function of one-photon detuning for corresponding △c. As shown in Fig. 6, EIT red 

detuning always occurs, because in the 87Rb D2 line, the relative dipole matrix elements 

are 1 /20 , 1/2, 7 /10  for the transitions |2> − |4>, |2> − |5> and |2> − |6>, and the 

neighboring levels are unsymmetrically distributed (△34=72 MHz, △45=157 MHz, △56=267 

MHz). In Fig. 6, the Rabi frequency of the coupling field is CΩ = 80 MHz, and other 

parameters are same as those in Fig. 4. 
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Fig. 5. The absorption spectra for a five-level Doppler-broadened system. 
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Fig. 6. The absorption spectra for a six-level Doppler-broadened system for Cases I ~ VI. 

3. EIT-based slow light in the multi-level atomic system of 
87

Rb D2 line 

Because of the steep dispersion spectrum directly resulting from the narrower EIT window 
according to the Kramers Kronig relation, the group velocity of the probe pulse can be much 
smaller than the group velocity in vacuum. The group velocity and the group delay are 
given by: 
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Fig. 7. Group delay time of the probe as a function of the probe detuning for Cases I ~ VI. 

where L is the length of the medium, c is the speed of light in vacuum, and n is given 

by 1 'n χ= + . 
The neighboring excited-state-modified Doppler broadened atoms affect on the EIT line 
center shifted, resulting in the so-called detuned slow light phenomenon. In Fig. 7 we 
numerically calculate the group delay of each case mentioned in above, using reasonable 
parameters according to the actual experimental condition. (Here we choose the same 
parameters as those in Fig. 6, and let L=7.5 cm).  
For all cases, the probe shows a red shift to the slow light. In Fig. 7 (a), for instance, the 
maximum group delay is red-shifted for the resonant transition by ~ 4 MHz. When the 
coupling field is tuned to the crossover transitions as shown in Figs. 7(b), 7(d), and 7(e), first, 
the slow light phenomenon also exists; and second, the maximum group delay position is 
also detuned from the crossover line center. Even when the coupling field is resonant with 
the transition |2> − |6> (Case VI) (transition |2> − |6> is forbidden to the probe), there also 
exists slow light and group delay detuning, due to the EIT effects from levels |4> and |5>. 
For more detail information and experimental results see Ref. (Chen et al., 2009). 

4. Slow light in N-type system of 
87

Rb D2 line 

In this section, we investigate coherent control of the four-level N-type scheme in a Doppler-
broadened six-level atomic system of the 87Rb D2 line (Chen et al., 2009). With limited 
spectral distribution of the excited hyperfine states in the 87Rb D2 line, which is confined  
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by the Doppler broadening, each hyperfine state can be used for individual optical channels 
for optical quantum information processing. For this application we choose 
nonelectromagnetically induced absorption (EIA) schemes for the investigation of reduced 
absorption spectra resulting in Mollow sideband-like enhanced transparency windows 
across the EIT line center. Unlike a double-EIT system satisfied by rigid (uncontrollable) two 
coupling fields applicable only for a single slow-light channel, the present scheme uses a 
fixed coupling field with a variable control field, where group velocity control and multiple 
slow-light channels are applicable. 

N-type scheme in a Doppler-broadened six-level atomic system of the 87Rb D2 line is shown 
in Fig. 8. It is similar to EIT situation, but with a third coherent field (the control field) at a 
frequency Sω with an amplitude SE couples the transition |3> − |1> (5S1/2, F=1 → 5P3/2, 
F’=0) with a detuning of S∆ ( 31S Sω ω∆ = − ).  
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Fig. 8. Schematic of a Doppler-broadened six-level atomic system of the 87Rb D2 line 
interacting with three coherent fields. 

In a framework of the semiclassical theory, under the rotating-wave approximation, we 
obtain the following density matrix equations of motion for the interaction Hamiltonian: 
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11 22 33 44 55 66, 1ij jiρ ρ ρ ρ ρ ρ ρ ρ= + + + + + =             (6) 

where 1 1 /Si i SEµΩ =   is the Rabi frequency of the control field for the transition | i > − |1> 
(i = 3,4,5). ( )ij ijγΓ  stands for the population (phase) decay rate from state |i> to |j>, 
where 1iΓ  and 2jΓ are the population decay rates from levels |i> to |1> (i = 3,4,5), and 
levels |j> to |2> (j = 4,5,6), respectively. 
In order to calculate the probe absorption spectrum, the density matrix equations (6) can be 
rewritten in the following form: 

 ( )
( )

d t
L t I

dt

Ψ
= Ψ +             (7) 
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where 

11 12 13 14 15 16 21 22 23 24 25 26 31 32 33 34 35 36

41 42 43 44 45 46 51 52 53 54 55 56 61 62 63 64 65

( , , , , , , , , , , , , , , , , , ,

, , , , , , , , , , , , , , , , ) ,T

ρ ρ ρ ρ ρ ρ ρ ρ ρ ρ ρ ρ ρ ρ ρ ρ ρ ρ

ρ ρ ρ ρ ρ ρ ρ ρ ρ ρ ρ ρ ρ ρ ρ ρ ρ

Ψ =
 

and  

62 C62 C62(0,0,0,0,0,0,0, ,0,0,0, /2,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,- /2,0,0,0).I i i= Γ Ω Ω  

The solution of Eq. (7) is given by: 

 0

0

( ) ( ' 0)
0( ) ( ) '

t
L t t L t t

t

t e t e I dt− −Ψ = Ψ +               (8) 

According to the linear response theory, the steady state absorption spectrum of the weak 
probe laser can be written as: 

 
0

( ) Re lim [ ( ), ( )] Pi
P

t
A P t P t e dττ τ

∞
∆− +

→∞

 
∆ = +  

 
  (9) 

where 31 41 511 3 1 4 1 5P µ µ µ− = + +  

and 31 41 513 1 4 1 5 1P µ µ µ+ = + + are the atomic polarization operators, with 

1iµ being the dipole matrix elements of transition | i >− |1> (i = 3,4,5). By using the 

quantum regression theory, we further obtain the absorption and refraction spectra of the 

probe field: 
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where 1
34( )s pM i i i L −= ∆ + ∆ − ∆ −  and 

, 1 35
( )ij

i j
ρ

= →
∞ are the steady state solutions of Eq. (6). 

The effects of Doppler broadening due to the atom’s thermal velocity v can be considered by 

substituting P∆ , S∆  and C∆  with 41 /P v cω∆ − , 31 /S v cω∆ − , and 42 /C v cω∆ − , respectively. 

Then the total absorption and refraction coefficients of the weak probe are: 

 
2 2/

( ) ( , ) ,pv v
P P

p

N
A A v e dv

v π

∞ −

−∞
∆ = ∆    (11-1) 
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2 2/

( ) ( , ) ,pv v
P P

p

N
B B v e dv

v π

∞ −

−∞
∆ = ∆      (11-2) 

where N is the total number of atoms, 2 / 2 /pv kT m RT M= = is the most probable 

atomic velocity, k is the Boltzmann constant, R is the gas constant, and T is the temperature 

of the atomic system. 
Similar as in section 2, we consider the following six types of four-level N-type systems: 

Type I: The coupling light is resonant with the transition |2> − |4> (5S1/2, F=2→5P3/2, F’=1), 

while the control light is resonant with the transition |1> − |3> (5S1/2, F=1→5P3/2, F’=0). 

Type II: The coupling light is resonant with the transition |2> − |4> (5S1/2, F=2→5P3/2, F’=1), 

while the control light is resonant with the transition |1> − |5> (5S1/2, F=1→5P3/2, F’=2). 

Type III: The coupling light is resonant with the transition |2> − |5> (5S1/2, F=2→5P3/2, F’=2), 

while the control light is resonant with the transition |1> − |4> (5S1/2, F=1→5P3/2, F’=1). 

Type IV: The coupling light is resonant with the transition |2> − |5> (5S1/2, F=2→5P3/2, F’=2), 

while the control light is resonant with the transition |1> − |3> (5S1/2, F=1→5P3/2, F’=0).  

Type V: The coupling light is resonant to the center line between states |4> and |5> from 

state |2>, while the control light is resonant with the transition |1> − |3> (5S1/2, F=1→5P3/2, 

F’=0) with a small detuning 1δ . 

Type VI: The coupling light is resonant to the center line between states |5> and |6>from 

state |2>, while the control light is resonant with the transition |1> − |5> (5S1/2, F=1→5P3/2, 

F’=2) with a small detuning 2δ .  

Figs. 9 (a), 9 (b), 9 (c), and 9 (d) show the numerical simulation of probe absorption spectra 

for Type I, Type II, Type III, and Type IV, respectively. Figs. 9(e) ~ 9(h) are energy level 

diagrams corresponding to Figs. 9(a) ~ 9(d), respectively. The number in parentheses of the 

coupling C and control S stands for relative transition strength of Rabi frequency.  

The parameters used in the simulations are T=25oC, 21Γ =  0.01 MHz, 31 62Γ = Γ =  6 MHz, 

41Γ = 5 MHz, 42Γ = 1 MHz, 51 52Γ = Γ = 3 MHz,△34=72 MHz,△45=157 MHz,△56=267 MHz, 

SΩ =  10 MHz, 42 1 / 20 ,C CΩ = Ω  41 51 5 /12 ,S S SΩ = Ω = Ω CΩ =  30 MHz, 31 1 /6 ,S SΩ = Ω  

52 / 2C CΩ = Ω and 62 7 /10C CΩ = Ω . The calculations include all level transitions in Fig. 8. 

The N-type configuration yields interesting results when two-photon resonance is satisfied 

between the probe and the coupling for (a) △p= 0 MHz, (b) △p=0 MHz, (c) △p=-157 MHz, (d) 

△p=-157 MHz, (e) △p=-78.5 MHz, and (f) △p=-290.5 MHz.  

In Figs. 9(a) and 9(b), the applied coupling Rabi frequency is much weaker than in Figs. 9(c) 

and 9(d) by a factor of 5 . In Figs. 9(a) and 9(d), the Rabi frequency of the control field is 

weaker than in Figs. 9(b) and 9(c) by a factor of 5 / 2 . Thus, Fig. 9(c) is for the strongest 

pump fields, and a symmetric pair of reduced absorption lines across the EIT line center is 

obtained (the dotted circle and two arrows indicate the reduced absorption lines): Mollow 

sideband-like transparency windows. The center transparency is much higher than the 

satellite transparencies. The symmetric sideband absorption bandwidth is comparable to the 

EIT linewidth or the spectral hole width. The generation of these absorption-reduced 

sidebands is due to dynamic energy splitting incurred by the control field acting on the 

coupling field according to dressed state interactions (Kong et al., 2007): 

 
2 2
C SD
′ ′Ω Ω

= ± ±          (12) 
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where |D> is the newly developed dressed states by the interaction of the coupling and 

control fields, and C′Ω  and S′Ω  are effective Rabi frequencies of the coupling and control 

fields, respectively, including an atom velocity factor (kv). Fig. 9(d) is similar to Fig. 9(c), 

also shows double sideband transparency windows. For the rest of the combinations of Figs. 

9(a) and 9(b), no distinct change is obtained for the Mollow sideband-like transparency 

windows because of a weak field limit.  
In comparison with Fig. 3(c) of Ref. (Kong et al., 2007), where the probe gain results in, 

rather than the Mollow sideband-like transparency, Fig. 9(c) here needs to be analyzed in 

more detail (see Fig. 11). Moreover the origin of the Mollow sideband-like effects which 

appeared in Fig. 4(a) of Ref. (Kong et al., 2007) for the case of Fe = Fg+1 by using D2 

transition for the coupling but using D1 transition for the control, is the same as in Fig. 9(c) 

of the present chapter for the case of Fe ≤ Fg by using only D2 transition for both fields under 

the EIT condition. This condition will be discussed in Fig. 11 below. 

According to Eq. (12), EIA-like enhanced absorption should be possible if C SΩ = Ω  (see Fig. 

11(c)), owing to degenerate dressed states at the EIT line center. The sub-Doppler 

ultranarrow double transparency windows obtained in Fig. 9(c) have the potential of using 

double ultraslow light pulses for optical and quantum information processing such as 

Schrödinger’s cat generation or quantum gate operation. For enhanced cross-phase 

modulation, double EIT-based ultraslow light is required. Multichannel all-optical buffer 

memory is another potential application. 

Fig. 10 shows numerical simulation results of an absorption spectrum when the coupling 

laser CΩ is tuned to crossover lines, which is a line center between levels |4> and |5> for 

Fig. 10(a) and |5> and |6> for Fig. 10(b): Types V and VI, respectively. In each case the 

Mollow sideband-like transparency windows appear. The control is purposely detuned by 6 

MHz for Fig. 10 (a) for the transition |1> ↔ |3> (5S1/2, F=1→5P3/2, F’=0), and 30 MHz for 

Fig. 10 (b) for |1> ↔ |5> (5S1/2, F=1→5P3/2, F’=2). As shown in Fig. 10, the results are very 

similar to Fig. 9(c). The Mollow sideband-like reduced absorption lines and the hole-burning 

peak also appears on the right. 

We now analyze Fig. 10 as follows, using the velocity selective atoms phenomenon. The 

original model of Fig. 10(a) can be divided into two models, as shown in the energy level 

diagram just below Fig. 10. The first row is for Fig. 10(a), and the second row is for Fig. 

10(b). The left column is for the original level transition, and the right two columns are 

decomposed for purposes of analysis. For these two columns of energy-level diagrams, 

blue-Doppler-shifted atoms (middle column) and red-Doppler-shifted atoms (right column) 

by 1 78.5∆ =  MHz or 2 133.5∆ =  MHz are considered. 

In the first row (for Fig. 10(a)) for blue-Doppler-shifted atoms (middle column), the blue 

shift △ (△=157/2 = 78.5 MHz) makes both the coupling field (C) and the control field (S) 

(see the middle column) resonant. This result occurs because initially the control field is red 

detuned by 1δ (6 MHz); thus the total shift is 72.5 MHz (78.5 – 6), which is nearly resonant to 

the transition of |1> ↔ |4>. This outcome is the same as in Fig. 9(c). The right column, 

however, does not form an N-type model because of a big detuning of 1 1δ∆ + . The EIT 

window cannot be affected by the detuning 1 1δ∆ +  if two-photon resonance is satisfied. 

Actually, signal reduction and line narrowing result, but do not affect the line shape of Fig. 

10(a). Therefore, the result of Fig. 10(a) must be the same as for Fig. 9(c). 
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Fig. 9. Numerical calculations for the probe absorption for Type I, Type II, Type III, and 
Type IV. 
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Fig. 10. Numerical calculations for the probe absorption for (a) Type V and (b) Type VI. (c) 
and (d) are for the extended feature of (a) and (b) , respectively. 

In the second row (for Fig. 10(b)), for red-Doppler-shifted atoms (right column), the red shift  

△ (△=-267/2=-133.5 MHz) makes the coupling field (C) resonant, but blue detuned to the 

control field (S) by 23.5 MHz. However, the control field is set to be red detuned by 2δ  (30 

MHz) initially; the net detuning is 3δ  (6.5 MHz) to the control, which is red detuned from 

www.intechopen.com



Numerical Simulation of EIT-Based Slow Light in the  
Doppler-Broadened Atomic Media of the Rubidium D2 Line 

 

73 

the transition of |1> ↔ |4>. The two sidebands across the EIT line center are asymmetric. 

The blue-Doppler-shifted atoms (middle column) do not contribute anything on the 

sideband transparency windows as discussed for the first row because of too much 

detuning of the control field to form an N-type model.  

Figs. 10(c) and 10(d) represent expanded absorption spectra of Figs. 10(a) and 10(b), 

respectively. As discussed in above, Fig. 10(c) is for resonant transition, and Fig. 10(d) is for 

off-resonant transition to the control field. As shown, the off-resonant case generates 

asymmetric Mollow sideband-like transparency windows with unequal window linewidth. 

Hence each probe light group velocity at each sideband can be controlled effectively with 

on-demand detuning of the control field. For the cross-phase modulation, this controllability 

is important to induce on-demand π  phase shift (Petrosyan & Kurizki, 2002; Paternostro et 

al., 2003). 

Fig. 11 represents the probe absorption spectrum versus the control (S) Rabi frequency for a 

fixed coupling (C) Rabi frequency and population decay rate 42Γ (from the excited state |4> 

to the ground state |2>) in a closed N-type model of Fig. 9(g). In the closed N-type model of 

Fig. 9(g), the atom flow rate of circulation at the probe line center should depend on both 

42Γ  and the control field strength. For a fast (slow) 42Γ , the probe experiences fast 

circulation and has more change on the probe spectrum. On the other hand, as seen in Fig. 

11(c), the dressed state interactions at a low decay rate of 42Γ = 1 MHz results in enhanced 

absorption at the probe line center when the coupling and the control Rabi frequencies are 

equal (Kong et al., 2007). As shown in Figs. 11(a) ~ 11(c) for a weak decay rate, the probe 

gain may not be possible regardless of the control field strength because no population 

inversion between states |5> and |1> can be obtained. Applying moderate control strength 

(see the center column), however, one can obtain the probe gain once the system is ready for 

a fast atom flow rate, for example, with a high decay rate of 42Γ = 10 MHz (see Fig. 11(h)). 

Thus, the probe gain or EIT-like absorption must be understood in terms of system 

parameters of both control field strength and the medium’s decay rate. 

For balanced Rabi frequency between the coupling and the control, the EIA-like enhanced 

absorption can be obtained in Fig. 11(c). However, this enhanced absorption feature, which 

resulted from degeneracy of the dressed states (see Eq. (12)), changes into a probe gain if the 

atom flow rate increases as shown in Fig. 11(f) (see also Fig. 3(c) of Ref. (Kong et al., 2007)). 

The observation in Fig. 9(b) is for the intermediate case: ~C SΩ Ω and 1 MHz < 52Γ = 3 MHz 

< 5 MHz (see Fig. 9(f)). The decay rate falling between Figs. 11(c) and 11(f) explains a 

transient feature from the EIA-like absorption to the probe gain as seen in Fig. 9(b). We 

think that the broadened linewidth of the red line at △p=0 in Fig. 9(b), may be caused by 

this intermediate feature with laser jitter as well as a weak control field. As numerically 

demonstrated in Fig. 11, the probe gain may not be possible in any types of the 87Rb D2 line 

in Fig. 9 because the atom flow rate is not fast enough (see 42Γ = 1 MHz in Fig. 9(c)) unless a 

very strong control field is applied. The formation of Mollow sideband-like transparency 

windows in Fig. 4 of Ref. (Kong et al., 2007) and Fig. 9(c) of this chapter shows a very similar 

feature based on the dressed state interactions. However, Ref. (Kong et al., 2007) is not for 

EIT, while the present scheme is.  

By using the Eq. (11-2), we can get the refraction coefficient of the probe. Because  

of the steep dispersion spectrum resulting from EIT window and sideband-like 

www.intechopen.com



 
 Numerical Simulations of Physical and Engineering Processes 

 

74

transparency windows, we can get slow light in three channels. The group velocity is given 

by Eq. (4). 
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Fig. 11. Probe absorption spectra versus 42Γ and SΩ  for the case of Fig. 9(g). (a) The 

expanded feature of Fig. 9(c). (c) EIA-like enhanced absorption. (f), (h), (i): probe gain. 

For the fixed atomic density, the width and depth of EIT widow are mainly depending  

on the intensity (Rabi frequency) of the coupling laser. The dipole moment of transition 

|2> ↔ |5> is larger than the dipole moment of transition |2> ↔ |4> by a factor 5 ,  

this means we have large slow light when the coupling laser resonant with transition 

|2> ↔ |4>. However, as shown in previous part, we can get more obviously 

multichannel slow light phenomena when coupling light resonant with the transition  

|2> ↔ |5> due to the dipole moment and decay rate relationship in 87Rb D2 line. Fig. 12 

shows the refractive index and group index as a function of the detuning of the probe for 

different Rabi frequency of the control field. As seen in Fig. 11 and Fig. 12, the separation 

between two peaks of the Mollow sideband-like transparency windows is invariant for 

the control field intensity, which means the coupling Rabi frequency C�determines the 

splitting. The linewidth of the transparency windows, however, is controllable by 

adjusting the control field intensity or its detuning (see Figs 10(c) and 10(d)). Thus, the 

group velocity of the probe light at the sidebands is also controllable. That means double 
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slow light-based enhanced cross-phase modulation is applicable in a much simpler 

scheme than the scheme suggested in Ref. (Kong et al., 2007). By the way, applications of 

the enhanced cross-phase modulation are also applicable to the EIT center line and the 

spectral hole-burning line. 
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Fig. 12. (a) Absorption, (b) dispersion and (c) group index of the probe as a function of  
the detuning of the probe for Type III for different Rabi frequency of control light. 
N=1010cm-3.  

5. Conclusions 

We have investigated EIT and EIT-based slow light in a Doppler-broadened six-level atomic 

system of 87Rb D2 line. The EIT dip shift due to the existence of the neighbouring levels has 

been numerically analyzed. When the coupling field is tuned to the different transition, we 

have shown the dependence of group delay of the one-photon detuning of the probe. Based 

on the EIT study, we also have discussed several N-type schemes in such system. The 

obtained Mollow sideband-like transparency windows across the EIT line centre are sub-

Doppler broadened and controllable by adjusting the control field intensity or detuning. The 

work in this chapter may deepen the understanding of EIT and the slow light phenomenon 

in multilevel system and lead to potential applications in the use of ultraslow light for 

optical information processing such as all-optical multichannel buffer memory and quantum 

gate based on enhanced cross-phase modulation owing to increased interaction time 

between two slow-light pulses. 
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